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ABSTRACT
Introduction: The transmission of mechanical vibration to the axial skeleton
from a whole body vibration platform was measured across different degrees of knee
flexion. Methods: Male subjects (N=12) stood with varying knee flexion angles of 0,
20, and 40 degrees on a whole body vibration platform. Platform frequencies between
20-50 Hz at two amplitude settings (1 and 2 mm) were tested. Transmissibility was
measured with triaxial accelerometers at the platform surface, hip, back and head.
Results: Changes in peak to peak platform amplitude across vibration frequency and
knee angle did not affect transmissibility measurements (p > 0.05). Transmissibility
measures varied depending on platform frequency and knee angle (p < 0.05). A
significant effect of knee angle on both hip and head transmissibility was found (p <
0.05). Conclusions: The transmissibility of vibration from platform to head during
whole body vibration training is reduced with 40 degrees of knee flexion. However, to
effectively dampen mechanical energy at the head larger knee angles (>20 degrees) are
needed.
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1.0 LITERATURE REVIEW

1.1 Introduction
Whole body vibration training (WBVT) has become a popular modality found in
homes, public gyms, and in the offices of various health care professionals. It has been
suggested that standing on a vibration platform strengthens and improves various
aspects of the musculoskeletal system via the acceleration delivered by the platform
[Cochrane, 2011]. Increases in isometric and dynamic knee extensor strength [Delecluse
et al., 2003], improved bone mineral density (BMD) in animal models [Rubin et al.,
2002], increased articular cartilage thickness in human subjects [Liphardt et al., 2009]
and decreased fall risk in the elderly [Bruyere et al., 2005] have been previously
reported in WBVT research. Others studies are less supportive of WBVT improving
physical fitness [Torvinen et al., 2003]. While the physiological benefits of WBVT are
equivocal, it continues to be a popular tool in many facilities and homes. There has been
little research on the transmission of the ground based signal into the musculoskeletal
system; specifically the axial skeleton where over exposure to vibration can cause injury
[Wilder, 1993; Pope et al., 1998; Seidel et al., 1986]. WBVT platform manufacturers
advocate that using bent knees during standing WBV reduces the amount of vibration
that is transmitted to the upper body. There is a need to investigate the biomechanical
response of the human body to assess if injury could be possible from exposure to high
magnitude (> 1 G) high frequency (> 20 Hz) ground based vibration and how
transmission can be altered by the lower extremity.
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1.2 Wave Theory and Whole Body Vibration Platforms
Commercial whole body vibration platforms are offered in two modes: vertically
oscillating platforms that generate a “sinusoidal” waveform and rotational platforms that
gyrate around a center axis (Figure 1). By manipulating the frequency and displacement
amplitude of the mechanical waveform, the magnitude of the acceleration delivered to
the body can be altered. Mechanical vibration is a form of mechanical wave which
transfers energy and not matter [Mansfield, 2005]. Simple harmonic motion occurs
when there is a sinusoidal
oscillation at a single frequency.
Since human response is highly
dependent on the frequency it is
often necessary to indicate the
frequency content of vibration. A
periodic motion repeats itself
identically in a time interval is
Figure 1: Illustrating rotational vibration (Left) and vertical
vibration (Right) exercise platform [adapted from; Abercromby et
al„ 2007].

called its period. The frequency
of the motion is given by the

reciprocal of the period and can therefore be expressed as the number of cycles of
motion per second. If the frequency of the wave form increases then the period
decreases and vice versa (see Figure 2). The S.I. unit for frequency is the Hertz (Hz).
The amplitude describes change in magnitude of an oscillating waveform. The
amplitude can be measured by the displacement, velocity, or acceleration of the
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waveform (see Figure 3). WBVT defines the change in platform displacement as either
the peak-to-peak (p-p) or peak displacement (p) (measured in mm).
Period (= 0.33 s)

Peak amplitude (* 1.0 mis2)

Frequency ■ number of
cycles in 1 second (= 3.0 Hz)

Figure 2: A 3 Hz sine wave with peak amplitude of 1.0 m/s/s [adapted from; Mansfield, 2005].

ISO 2631/1 advocates that the severity of human vibration be measured in acceleration
rather than the velocity or the displacement [ISO 2631/1, 1997]. A recent literature
review reported that the frequencies that are used for training studies on humans has
ranged from 2 - 90 Hz and displacements range from 0.7 to 14mm [Prisby et al., 2008],
The preferred S.I. unit for quantifying acceleration magnitude is meters per second per
second (m/s/s or m/s2). Acceleration can also be reported in units of Earth’s gravity (
9.81 m/s/s = 1 G). Reported acceleration magnitudes previously used in WBVT range
from 0.5 to 14 G [Cochrane, 2011]. The acceleration magnitude of a vibration could be
expressed in terms of the peak to peak acceleration or the peak acceleration. Because of
potential confusion with terminology of peaks, and because the amount of energy
contained in the vibration is related to the average acceleration, the root-mean-square
(r.m.s) value is the measure most commonly used for quantifying the severity of human
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vibration exposure . This is the square root of the average value of the square of the
acceleration record (Figure 3). The choice of r.m.s acceleration aides communication by
unifying methods of measurement [Griffin, 1990]. Vibration parameters reported across
the literature have varied making the determination of training effects associated with
WBV difficult.

Tim«

Figure 3: Displacement, velocity and acceleration waveforms of sinusoidal motion. Peak to peak (p-p), peak (p), and
r.m.s ranges of the waveform are shown [adapted from; Griffin, 1990].
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1.3 Biomechanical Response of the Standing Human to Whole Body
Vibration
1.3.1 Effect of Vibration Frequency on Transmissibility
The degree to which vibration is transmitted to the body at any location is
dependent on the vibration frequency [Griffin, 1990; Mansfield, 2005]. A compliant
structure that is oscillated at low frequencies will move as a single mass. At higher
frequencies the vibration can be localized to the point of application; i.e. the structure is
isolated from the vibration. Any structure, whether man made or biologic has a
frequency at which its response will be greater than that of the input stimulus; this is
known as its natural or resonant frequency (/n) (Figure 4). All compliant systems have
a resonance frequency, and complex structures can have more than one. Resonance of
biologic tissues results in the frequency being amplified by a buildup of stored energy in
the repeated stretching and compression of a tissue [Mansfield, 2005]. Exposure of the
human body to these natural frequencies will result in injury. The frequencies offered by
WBVT platforms are usually greater than those frequencies associated with whole body
resonance. The natural frequency of the standing human with full knee extension is
around 5 Hz and with another broad resonance peak between 9 - 14 Hz [Matsumoto and
Griffin, 1998; Paddan and Griffin, 1993; Harazin and Grzesik, 1998; Randall et al.,
1997; Garg and Ross, 1975].
To ensure that vibration at the resonance frequency does not build up to a failure
point, structures that are damped have smaller vibration amplitudes at resonance (Figure
4). In a dynamic system a damper is a device used for reducing the magnitude of
vibration by energy dissipation methods. As more damping exists in a system, the less
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effective it will be at isolating from high frequency vibration. Human bodies are
inherently highly damped, although resonances are still clearly observable. These
resonances mean that if an individual is exposed to vibration, his or her response will
depend not only on the magnitude but also the frequency of the stimulus [Mansfield,
2005], In humans 16 - 20 Hz vibration is damped to a slightly higher degree for body
segments located further from the vibration source. Above this frequency band is where
the differences in vibration transmissibility appear for individual body segments
[Harazin and Grzesik, 1998].
The dynamic response of the human body to vibration should be considered as a
continuum across the frequencies of interest. This will account for differences among
individuals and individual segment resonances that occur as a function of frequency
[Paddan and Griffin, 1993; Harazin and Grzesik, 1998]. The resonance frequency of the
lumbar spine is believed to be closely related to those frequencies that excite whole
body resonance during standing vibration [Matsumoto and Griffin, 1998; Rubin et al.,
2003]. Transmissibility to the shoulder and head during standing vibration shows
multiple peaks across a bandwidth of 0.5 - 25 Hz [Paddan and Griffin, 1993; Harazin
and Grzesik, 1998].

1,3,2 Effect of Vibration Magnitude on Transmissibility
The extent of the movement at any point on the body is related to the magnitude of
the input vibration at the floor or seat, and the transmissibility at the driving frequency
[Mansfield, 2005]. The acceleration magnitude of a vibrating surface can be changed by
manipulating the peak to peak displacement and frequency of the waveform. The
magnitudes generally of interest with occupational whole body vibration research are

7

contained in a range from about 0.001 to 1.0 G (peak) [Griffin, 1990], Depending on the
peak to peak displacement and the frequency of the platform, the acceleration
magnitudes of WBVT platforms vary from < 1.0 G to > 10.0 G r.m.s. Because vibration
magnitudes greater than 1.0 G are rarely experienced within occupational settings and
are assumed to be hazardous to the musculoskeletal system, there has been little research
done on the response of the human body to high magnitude signals. Occupational
studies have found that increases in acceleration magnitude result in a “softening” of the
body, reducing the natural frequency of whole body and segment resonances of an
individual at full knee extension from 6 Hz to 5 Hz [Matsumoto and Griffin, 1998],
WBVT was originally created as a potential treatment against loses in BMD experienced
by astronauts who spend prolonged periods of time in low G environments. In recent
years there has been considerable interest in WBVT potentially preventing osteoporotic
fractures in the elderly via improving the strength of the skeleton. This form of training
uses low magnitude acceleration signals (< 1.0 G r.m.s). Manufactures of WBVT
platforms advocate that increases in the acceleration magnitude increases the load on the
musculoskeletal system. Rubin et al. [2003] found that transmissibilities to the hip and
L4 were similar with two different testing amplitudes (18 and 36 N p-p). They
concluded that even with low input magnitudes there is little attenuation of the ground
based vibration.

1,3,3 Effect of Knee Angle on Transmissibility
The human body can be described as a 2nd order mechanical system with the
upper body behaving as if it was composed of a mass, spring and damper. Increased
damping (dissipation of energy with time or distance) in a dynamic system results in
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reduced peak magnitudes at the output (see Figure 4). Resonances in standing humans
have been attributed to the mass of the torso and stiffness of the legs [Garg and Ross,
1975; Subashi et al., 2008]. Previous research has shown that frequencies above about 3
Hz may be greatly attenuated by bending the knees [Griffin, 1990], The resonance
frequency of the body decreases from 5.5 Hz to 2.75 Hz with a legs bent posture
[Matsumoto and Griffin, 1998; Subashi et ah, 2008]. The amount of damping provided
by different degrees of knee flexion, however, is less clear. Paddan and Griffin [1993]
showed that ‘unlocking’ the legs (by moving the knees forward slightly) results in only
small reductions in vertical head transmissibility at any frequency below 25Hz. Bending
the knees so that they were positioned vertically over the toes changed the responses
considerably as vertical head transmissibility peaked at 2.5Hz and limited
transmissibility below unity above approximately 5 Hz. A posture that may attenuate
vibration in one frequency band however, may amplify it in another [Harazin and
Grzesik, 1998].

Figure 4: Response of a simple dynamic model to vibration. At low frequencies the output response equals the input
stimulus. At resonance, the output response is greater than the input stimulus. At high frequencies the response of the
output is less than the input stimulus. Increasing the damping within the system results in a decrease to the magnitude
of the peak response [adapted from; Mansfield, 2005],
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Researchers have advocated for using increased knee flexion to attenuate ground
based vibration from reaching the upper body during WBVT [Rubin et al., 2003; Kiiski
et al., 2008; Abercromby et al., 2007]. Preventing high magnitude vibration from
reaching the lumbar spine and head is of greatest concern as these areas are most
commonly injured during seated vibration. The lowest level of transmissibility to the hip
and back occurs in a bent knee posture compared to a normal and relaxed standing
position [Rubin et al., 2003]. Head acceleration has been found to decrease as knee
angle increased from 0 to 30 degrees; however, beyond 30 degrees of knee flexion the
effectiveness of the legs to dampen mechanical energy from reaching the head seems to
decrease [Abercromby et al., 2007]. The authors conclude that smaller knee flexion
angles during WBVT increases the likelihood of negative side effects and should be
avoided. However, the ability of the musculature to attenuate vibration may be limited
beyond 30 degrees of knee flexion [Abercromby et al., 2007].

1.4

Shock Attenuation Properties of the Lower Extremity

The human body encounters naturally occurring high magnitude ground based
vibration via the shock waves that are sent into the lower body at heel strike during
walking and running. Pin mounted accelerometers in a single subject found that peak
impact shocks at the shank during walking were in the range of -2 to -8 G [Light et al.,
1980]. During running peak axial deceleration of the shank typically ranges between -5
to -15 G [Shorten and Winslow, 1992], The greatest attenuation of shock to the head
during running occurs in the 15-50 Hz range [Shorten and Winslow, 1992], These
transients are similar in frequency and magnitude to those generated by WBVT
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platforms. The body has developed several strategies to limit these naturally occurring
vibrations from being transmitted up to the upper body. Damping of mechanical energy
by the lower extremity during walking and running is achieved by the compliance of
ankle, knee, and hip joints. During the stance phase of jogging, energy is absorbed
primarily at the knee joint and generated primarily at the ankle joint [Winter, 1983],
Greater energy absorption at the knee joint was associated with increased running
velocity [Winter, 1987], This information suggests that increased impact loads
experienced by the body during WBVT may rely on increased energy absorption at the
knee through various structures. Derrick et al. investigated shock absorption of the lower
limb during different velocities of running and found the distance between the line of
action of the force vector and the joint centre of rotation can be altered to change the
amount of shock attenuation performed by the joints during running [Derrick et al.,
1998]. If the line of action passes through the knee joint then it cannot rotate the
segment about the joint and the muscles that cross this joint will be unable to absorb
energy. If the line of action passes behind the knee joint during impact, the knee flexes.
To counteract this moment, the quadriceps must contract to produce an extensor
moment. Increases in knee flexion angle influences the alignment of the long bones of
the lower limb and allows the quadriceps to act as the major shock absorbers. Without
increased knee flexion, the quadriceps cannot attenuate energy that is generated at the
ground via eccentric muscle contractions. This energy is left to pass onto the passive
structures of the spine and head [Abercromby et al., 2007; Rubin et al., 2003; Lafortune
et al., 1996; Rubin et al., 2003; Paddan and Griffin, 1993; Voloshin and Wosk,
1982].Changes in joint angle at the lower extremity make the body “softer”, and as a
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result change the transmission properties of the lower body during running [Lafortune et
al., 1996; Derrick et al., 1998; McMahon et ah, 1987], Modulation of lower extremity
muscle activation to change the stiffness of the muscle has also been proposed as a
strategy for absorbing energy. In a process known as “muscle tuning”, energy is
dissipated and absorbed via the changes in cyclic attachment and detachment of the
cross bridges within the musculature [Wakeling et ah, 2002]. It has been suggested
previously that the contribution of lower extremity muscles to the dissipation of
mechanical energy via muscle tuning during WBVT may decrease as knee angle
increases [Abercromby et ah, 2007].
The knee has several structures that help attenuate the shock wave impulse
created during walking and running via both contractile (muscle) and passive tissues
(articular cartilage and subchondral bone). Degeneration of articular cartilage and
cancellous bone in the joints of the lower limb may cause alterations in the capacity of
the joint to attenuate shock and vibration [Chu and Yazdani-Ardakani, 1986; Voloshin
and Wosk, 1982], The transient nature of the impulses experienced during walking and
running is thought to be detrimental to articular cartilage and may contribute to joint
degeneration [Simon et ah, 1972; Radin et ah, 1973]. A threshold of impulse intensity
may exist where damage to the articular cartilage is irreparable and progressive [Repo
and Finlay, 1977]. Not only does degeneration of the articular cartilage and cancellous
bone seem to result in increased peak forces at the knee but it also exposes other joints
proximally and distally from the knee to higher impulsive forces [Voloshin et ah, 1981;
Chu and Yazdani-Ardakani, 1986; Wosk and Voloshin, 1981]. Voloshin and Wosk
[1982] found that the capacity of the body to attenuate impulses during walking is
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reduced approximately 30% in individuals who have degenerative joint disease in the
knee or spine. Thus individuals who already have degenerative changes at the knee may
be placing the hip and back at risk for degeneration.

1.5

Measurement of Human Response to Vibration

Vibration can occur in 3 translational axes (x, y, and z) and 3 rotational (roll,
pitch, and yaw). For whole body vibration, the fore-aft direction is defined as the x axis,
lateral as the y-axis, and vertical as the z-axis. Roll is around the x-axis, pitch is rotation
around the y-axis, and yaw is rotation around the z-axis [Griffin, 1990], While there are
various methods used to define vibration, basicentric co-ordinate systems are most
commonly used for evaluating vibration (see Figure 5) [ISO 2631/1, 1997].
The evaluation of human response to
vibration is limited to analyzing sinusoidal
vibration which allows researchers to
investigate responses to specific frequencies.
Measures of dynamic responses of the body are
X

represented by transfer functions. They may fall
into two categories: Impedance (measures
obtained at the input or “driving point” to the
body) and transmissibility (measures obtained
at different locations through the body).
Impedance describes the ratio of the driving

Figure 5: Coordinate system for mechanical
vibration exposure to the standing human as
defined in ISO 2631-1 [adapted from; Griffin,
1990]

force of a system at a particular frequency and
the resultant movement, and can determine the
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amount of energy that’s absorbed by the system. Transmissibility measures describe the
ratio of movement between the “driving point” (the input) and different areas on the
skeleton (output) [Mansfield, 2005]. Either the force entering the body, or the
accelerance measured at a location on the body, defines the importance of different
vibration frequencies. For both types of response measure, the results express the
relation between two signals and allow both the relative magnitude and the relative
phase to be determined. The determination of a transfer function requires that there is
sufficient motion at each measurement location with a given input frequency. If the
system has a linear response then the most important characteristics of the exciting
motion is that it produces vibration in excess of the ‘noise’ in the measure and analysis
system (a linear system is considered to be one in which the response is proportional to
the excitation)[Griffin, 1990].

1.6

Limitations of Skin Mounted Accelerometers

Determining the in-vivo response of bone to vibration and limiting signal
distortion from soft tissue can prove difficult. Soft tissue between the transducer and
bone adds noise to the signal [Bediz et al., 2010; Ziegert and Lewis, 1978].
Accelerometers with large masses have lower natural frequencies (Figure 6a). If the
natural frequency of the accelerometer attachment is very close to or below the
frequencies of interest, then the measurement will be distorted [Saha and Lakes, 1977;
Ziegert and Lewis, 1979; Kitazaki and Griffin, 1995]. The level of the damping created
by the soft tissue on the accelerometer will also affect its performance in measuring the
acceleration magnitudes correctly (Figure 6b). This is further complicated by the fact
that the properties of soft tissue will vary among individuals making it difficult to create
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a standard correction factor to account for this measurement error [Ziegert and Lewis,
1978; Kitazaki and Griffin, 1995].

Figure 6a shows the effect of soft tissue stiffness and accelerometer mass on the resonant frequency of the
accelerometer/attachment. Figure 6b shows the effect of soft tissue damping and frequency on the output magnitude.
^ describes the amount of damping in the system [adapted from; Ziegert and Lewis, 1979].

In an attempt to account for this error several approaches have been used
including altering the mass of the accelerometer (low mass), and preloading the skin and
accelerometer in an attempt to increase the stiffness of the attachment site. This method
allows the researcher to potentially maximize the frequency response of the attachment
site and accurately measure the acceleration at the bone [Ziegert and Lewis, 1979; Saha
and Lakes, 1977]. Some r research has used a transfer function in order to correct for
skin motion artifact created during whole body vibration testing [Kitazaki and Griffin,
1995; Matsumoto and Griffin, 1998]. Pin mounted accelerometers anchored directly into
the bone have also been used in transmissibility measurements to evaluate ground based
vibration [Rubin et al., 2003]. While eliminating the artifact introduced by skin mounted
attachments, this method is impractical for collecting data from large numbers of
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subjects. Low mass accelerometers have been shown to match the time based
acceleration signal given by pin mounted accelerometers (Figure 7) [Ziegert and Lewis,
1979]. An in vitro study examining the influence of soft tissue on transmissibility
measurements of the human tibia, found that musculature had a greater damping effect
on the recorded signal than skin [Bediz et al., 2010]. Skin mounted accelerometers
should be placed over areas with minimal soft tissue between the accelerometer and
bone to limit signal distortion.

A

B

Figure 7a: Comparison of actual bone acceleration (A) to skin mounted acceleration using a 34 g accelerometer (B)

Figure 7b:. Comparison of actual bone acceleration (A) to skin mounted acceleration using a 1.5 g accelerometer (B)
[adapted from; Ziegert and Lewis, 1979].

1.7 Summary
If WBVT platforms are to be used for training purposes, it is necessary to
investigate if there are any frequencies (within the 20-50 Hz range) that excite segment
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resonances in the axial skeleton. There has been little research on the transmission of
the ground based signal into the musculoskeletal system during WBVT. Exposing the
axial skeleton to vibration in an occupational setting has been shown to cause injury
[Wilder, 1993; Pope et al., 1998; Seidel et al., 1986], Previous studies have indicated
that during standing vibration in the 15-40 Hz bandwidth, acceleration magnitudes
measured at the head are higher than that of the shoulder [Harazin and Grzesik, 1998],
WBVT platform manufacturers advocate that using bent knees will make WBVT safer.
Increased knee angle at impact during running results in lower acceleration values
experienced at the head while running [Lafortune et al., 1996; Voloshin and Wosk,
1982]. There has been little research on what knee angles effectively reduce energy to
the axial skeleton during WBVT. Studies investigating the standing human across large
frequency bandwidths have settled for using vague postures such as ‘straight leg’,
‘relaxed stance’ and ‘bent kneed’ which does not give clear information to those trying
to apply this information in a clinical setting [Matsumoto and Griffin, 1998; Paddan and
Griffin, 1993]. Only one study has investigated transmissibility to the head of standing
subjects from WBVT platforms and it was limited to analysis with one frequency input
(30 Hz) across different knee flexion angles [Abercromby et al., 2007]. A
comprehensive study is needed to investigate the biomechanical response of the human
body during WBVT and evaluate the lower body’s ability to attenuate platform
vibration.
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2.0 TRANSMISSION OF WHOLE-BODY VIBRATION FROM EXERCISE
PLATFORMS

2.1 Introduction
Whole body vibration training (WBVT) has become a popular modality found in
homes, public gyms, and in the offices of various health care professionals. It has been
suggested that vibration strengthens and improves various aspects of the
musculoskeletal system via the acceleration delivered by the platform [Cochrane, 2011].
Increases in isometric and dynamic knee extensor strength [Delecluse et al., 2003],
improved bone mineral density in animal models [Rubin et al., 2002], increased articular
cartilage thickness in human subjects [Liphardt et al., 2009] and decreased fall risk in
the elderly [Bruyere et al., 2005] have been previously shown in WBVT research. Other
studies are less supportive of WBVT improving physical fitness [Torvinen et al., 2003].
While the physiological benefits of WBVT are equivocal, it continues to be a popular
tool in many facilities and homes.
Safety is a key consideration in vibration training. There has been little research
on the transmission of the ground based signal into the musculoskeletal system;
specifically the axial skeleton where occupational exposure to vibration can cause injury
[Wilder, 1993; Pope et al., 1998; Seidel et al., 1986]. Vibration platforms generate high
frequency (20-50 Hz), high magnitude vibration (> 1 G r.m.s) which could place
unnecessary stress on the musculoskeletal system, specifically the axial skeleton.
Particular concerns include excessive compressive loading of the endplates [Callaghan
and McGill, 2001] and cancellous bone [Fyhrie and Schaffler, 1994] of the vertebral
body, as well as cellular apoptosis within the disc nucleus [Lotz and Chin, 2000].
Excessive mechanical energy transferred to the head can cause retinal detachment,
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visual disruptions, and cognitive impairment [Vela et al., 2010; Draeger and Dupuis,
1975 as cited by ; Abercromby et al., 2007],
Resonance of the signal, where the vibration is amplified rather than attenuated
should be avoided to reduce the risk of injury from mechanical vibration. Previous
studies have indicated that during standing vibration in the 15-40 Hz bandwidth,
acceleration magnitudes measured at the head are higher than that of the shoulder
[Harazin and Grzesik, 1998]. Paddan and Griffin [1993] found that the head resonated at
several different frequencies during vertical vibration across 0.5 to 25 Hz. Resonance
frequency differs depending on the body part, its position to the platform and the
direction of the vibration. A posture that may attenuate vibration in one frequency band
may amplify it in another [Harazin and Grzesik, 1998]. To avoid chronic injury (low
back pain, cognitive changes, and vertigo), excitation vibrations at the resonance
frequencies of the lumbar spine and head should be avoided. If these frequencies cannot
be avoided then it becomes important to find ways to reduce the energy that is
transmitted to the axial skeleton.
Platform manufacturers advocate that using bent knees will make WBVT safer.
There has been little research on what knee angles effectively reduce energy to the axial
skeleton during WBVT. Previous studies have observed that increased knee angle
resulted in lower acceleration values experienced at the head while running [Lafortune
et al., 1996; Voloshin and Wosk, 1982; Derrick et al., 1998], While a few studies have
previously measured transmissibility and the effect of lower body posture, none have
investigated which knee angle is the most effective for limiting transmissibility to the
lumbar spine and head at different input frequencies during WBVT. Only one study has
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investigated transmissibility to the head of standing subjects from WBVT platforms and
it was limited to analysis with one frequency input (30 Hz) across different knee flexion
angles [Abercromby et al., 2007]. If WBVT platforms are to be used for training
purposes, it is necessary to investigate if there are any frequencies (within the 20-50 Hz
range) where the vibration is amplified as it is transmitted through the body. Studies
investigating the standing human across large frequency bandwidths have settled for
using vague postures such as ‘straight leg’, ‘relaxed stance’ and ‘bent kneed’ which does
not give clear information to those trying to apply this data in a clinical setting
[Matsumoto and Griffin, 1998; Paddan and Griffin, 1993], A comprehensive study is
needed to investigate the biomechanical response of the human body during WBVT and
evaluate the lower body’s ability to attenuate the ground based vibration. The goal of
this research was to measure transmissibility during WBVT and evaluate which knee
angles can reduce high frequency (20 - 50 Hz) high magnitude (>0.5 G r.m.s) vibration
into the axial skeleton. We hypothesize that transmissibility will be affected by both the
input frequency and change in knee flexion angle.
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2.2 Methodology
2,2.1 Participants
Healthy male volunteers (N=12) participated in the study; see Table 1 for
descriptive data. Exclusion criteria included a history of head trauma, cardiovascular
diseases, joint implants, and low back pain. The study was approved by the Research
Ethics Board of the University of Western Ontario and each subject provided informed
consent. Subjects were asked to report any extreme discomfort or unusual symptoms; if
these occurred then the experiment would be stopped.
Table 1: Descriptive characteristics of subjects

Age (yrs)

Weight (Kg)

Height (m)

Mean

26.25

79.47

1.78

St Dev

2.13

11.45

0.06

Min

22.00

58.60

1.69

Max

29.00

92.00

1.92

2.2.2 Vibration Protocol
To account for any learning effect that could confound the study measures,
participants completed a familiarization session where they were introduced to the
vibrating platform and attachment protocol of the instrumentation. During
familiarization, subjects stood on the vibration platform and experienced the
methodology outlined below. Subjects were instructed not to partake in any physical
activity in the hours leading up to the experiment as muscular fatigue could alter
vibration transmissibility [Voloshin et al., 1998; Mercer et al., 2003].
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All trials were performed on a vibrating exercise platform (WAVE®
Manufacturing Inc.; Windsor, ON, Canada) that generated vertical vibrations at
amplitudes of 1.0 (low) and 2.0 mm (high). Subjects were exposed to vibration at
selected frequencies of 20, 25, 30, 35, 40, 45, 50 Hz at both low and high amplitude
settings. This corresponded to acceleration magnitudes of 5.78, 8.05, 10.80, 14.17,
17.92, 21.85 and 24.98 m/s/s resultant triaxial r.m.s for the low setting and 10.92, 15.19,
19.78, 30.05, 33.04, 39.21, 44.6 m/s/s resultant triaxial r.m.s for the high setting. Pilot
testing validated the frequency output of the platform to the nominal frequency setting
by calculating the frequency from time domain data. Each trial lasted 30 seconds and a 2
minute rest period between each trial to avoid fatigue. Due to the length of the trials and
accumulated vibration dose, the experiment was performed on two consecutive days. To
ensure that the accelerometer placement remained consistent between testing sessions,
the location of the accelerometer over the bone was marked using permanent marker.
Trials were randomized by vibration frequency, vibration amplitude, and knee angle to
ensure that confounding factors (e.g. learning and fatigue) did not affect the
experimental outcomes.

2.2.3 Posture
To investigate the effects of posture on vibration transmissibility subjects held
static postures at knee angles of 0, 20, 40 degrees. These knee angles were selected to
investigate the most commonly reported knee angles in the WBVT literature
[Abercromby et al., 2007]. Subjects performed the experiment barefoot and were
provided with sport socks to wear during testing as different footwear can have different
dampening properties [Light et al., 1980]. Subjects were instructed to position their feet
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shoulder width apart with their weight equally distributed between their feet. Each
subject’s stance width was measured and marked off on the platform to ensure that they
remained in the same position throughout testing. Previous studies have demonstrated
that changes in stance width and feet position can affect transmissibility [Harazin and
Grzesik, 1998]. To ensure that their feet did not slip or move during testing, sand paper
was taped securely to the surface of the platform. A video camera was positioned 4
meters away from the vibration platform to capture a real time image of the subject’s
saggital plane (see Fig. 8a). The image was visible to the subject and investigator (Fig.
8b). A piece of acetate was taped over the screen and their upper body posture was
drawn on the screen with a marker. Subjects maintained an extended back and neck
during each posture condition, and their gaze was kept forward on the video monitor
during each experimental trial.

Figure 8a: Saggital plane view of subject standing on the whole body vibration platform. Figure 8b:
Illustration of the postural feedback presented to the subject during testing.
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Knee angle data was displayed on a second video monitor also made visible to the
subject. This display provided updated feedback to the subject about their degree of
knee flexion during each experimental trial (Figure 8b). Trials were repeated if the
subject had to grasp the machine to maintain balance, lost their footing from their
original position, or if the subject did not perform a trial in the prescribed manner.

2.2.4 Instrumentation
A tri-axial piezoelectric accelerometer (20 x 26 x 20 mm, total mass = 20 g;
Model# 356B08 PCB Piezotronics; Depew, NY, USA) was magnetically attached to the
centre of the top surface of the platform to measure platform acceleration. This
accelerometer had a measurement range of +/- 50 G peak. Tri-axial accelerometers
weighing 4 g (15 x 8 x 15 mm; Model#7523Al Dytran Instruments Inc.; St. Chatsworth,
CA, USA) measured acceleration at three locations on the body: the greater trochanter,
the 5th lumbar vertebrae spinous process (L5), and the frontal bone of the skull
(forehead). A 30 V power supply (BK Precision, Yorba Linda; CA, USA) was used to
power the accelerometers (Figure 9a and 9b). The accelerometers were calibrated
against their DC offset which changed with respect to gravity (approximately 0.5 V = 1
G). This resulted in a +/- 0.5 V measurement range of +/- 1 G.
The low mass accelerometers were attached to the skin with a spray on tape
adherent (QDA, Cramer Products, Inc., Gardner, KS, USA ) and double side adhesive
tape and were loaded to the skin with a sports adhesive tape (Leukotape P, BSN
Medical). Using low mass accelerometers and loading the accelerometer to the bone
allows the researcher to potentially maximize the frequency response of the attachment
site and minimize damping caused by soft tissues [Ziegert and Lewis, 1979; Saha and
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Lakes, 1977]. These authors suggested that if the maximum input frequency measured
was less than approximately one third of the resonant frequency of the attachment and
assuming low damping of the soft tissues, the maximum error in the measurement is
kept below 10.0 %. Head acceleration was measured with an accelerometer attached to a
headpiece that used a ratcheting mechanism to securely attach the headpiece to the head
(Figure 9a). The strap and accelerometer had a combined mass of 98 g. This method has
lower intra-subject variability over the bite bar method [Wang et al., 2006]. An
electrogoniometer (Model#SG150 Biometrics; Penny and Giles Inc; Santa Monica CA,
USA) was taped to the lateral aspect of the right knee of all subjects to monitor knee
angle. The electrogoniometer was calibrated against a manual goniometer during pilot
testing and the largest error among measurement trials across various joint angles was 5
degrees.

Figure 9a: Instrumentation setup of accelerometers used to collect tri-axial vibration transmissibility. Figure 9b:
Accelerometers shown to scale.
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2.2.5 Data Acquisition and Processing
The four accelerometers and goniometer were channeled into a BNC connector
(Model BNC-2111; National Instruments; Austin, TX, USA) and sampled at 2000 Hz
using a 16 bit analog to digital converter (Model PCI-6221 National Instruments; Austin
TX, USA). The raw acceleration data was smoothed using a 2nd order low pass
Butterworth filter with a cutoff frequency of 120 Hz and the DC offset was removed.
Resultant accelerations were calculated using the vector sum of the X, Y and Z
components. This method was picked since it represents the sum of total energy
generated at the platform and all measurement locations on the body and has been used
by other researchers [Abercromby et al., 2007]. The root-mean-square (r.m.s) value of
the signal was calculated using a five second window starting from the ten second mark
in each 30 second vibration trial. The vibration magnitudes were consistent across the
middle of the trial; this 5 second window had a variability of 0.1 m/s/s r.m.s depending
on where the window was selected in the profile. The amount of energy contained in the
vibration is related to the average acceleration, thus r.m.s is the most commonly used
measure for quantifying the severity of human vibration exposure [ISO 2631/1, 1997],
RMS values at the input (platform surface) and output (skeletal locations) were used to
generate transmissibility ratios.

Transmissibility = RMS OUTPUT (skeleton)
RMS INPUT (platform)
All data acquisition and signal processing was performed using a custom written
program in LabVIEW 8.5 (National Instruments; Austin, TX, USA).
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2.2.6 Statistical Analysis
A 3 way repeated measures (RM) general linear measures (GLM) ANOVA was
used to investigate the interaction of platform amplitude, vibration frequency and knee
flexion angle on transmissibility. A two way RM ANOVA was used to investigate the
interaction of knee angle and vibration frequency on transmissibility. Significant
interactions and main effects were followed up with a one way RM ANOVA and
Tukey’s Multiple Comparison post hoc test. For all tests p < 0.05 were considered
significant. Statistical analyses were performed using MiniTab (version 15, MiniTab
Inc., State College, PA, USA) and GraphPad Prism (version 5.0, GraphPad Software,
San Diego, CA, USA) was used for graphing and data presentation. A full listing of the
results of the statistical analysis can be found in Appendix C.
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2.3 Results
Subjects did not report any pain or extreme discomfort while standing on the
platform; however, some subjects reported the high platform displacement and onset of
platform motion to cause more discomfort than the middle of the vibration exposure.
One subject did report symptoms of minor motion sickness during testing; these
symptoms rapidly abated after a short break and the subject was able to complete the
experimental protocol. Triaxial accelerometer measurements revealed that at least 90 %
of the platform acceleration was in the vertical (Z) axis across all trials; the X and Y
axes measured low translational magnitudes (< 1 m/s/s r.m.s) for most frequency and
amplitude combinations (Table 2). At the high vibration amplitude setting there was a
greater amount of variability in the acceleration magnitudes in the Z axis as frequency
increased.
Table 2: Platform axis translational acceleration values across all experimental trials

Low Amplitude

Frequency(Hz)
20
25
30
35
40
45
50

X-Axis m/s/s
r.m.s
Mean
Stdev
0.26
0.06
0.36
0.15
0.08
0.42
0.22
0.55
0.68
0.24
0.83
0.19
0.95
0.21

Y-Axis m/s/s
r.m.s
Mean
Stdev
1.16
0.45
1.07
0.39
0.91
0.33
0.24
0.73
0.17
0.65
0.15
0.58
0.62
0.15

Z-Axis m/s/s
r.m.s
Stdev
Mean
0.60
5.18
7.76
0.55
0.70
10.38
0.89
13.39
16.49
0.89
19.62
0.80
22.17
0.89

Tri-axial m/s/s
r.m.s
Stdev
Mean
0.47
5.31
7.84
0.69
0.87
10.43
1.14
13.42
16.52
1.20
19.65
1.08
22.20
1.09

High Amplitude
20
25
30
35
40
45
50

0.35
0.40
0.50
0.63
0.82
0.85
1.06

0.16
0.17
0.25
0.32
0.43
0.38
0.52

0.35
1.79
1.37
1.20
1.09
1.58
1.25

0.16
0.67
0.48
0.39
0.26
0.79
0.28

10.06
14.96
19.36
27.71
30.61
35.87
40.10

0.98
1.13
2.54
3.69
3.13
4.16
5.75

10.07
15.07
19.41
27.74
30.64
35.90
40.13

0.60
1.39
2.72
5.14
3.48
4.79
5.31
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2 .3 .1 E ffect o f P latform A m p litu d e on T ra n sm issib ility

The 2 mm platform amplitude setting increased the acceleration magnitude of
the vibration introduced into the body at each frequency tested compared to the 1 mm
amplitude setting (Table 2). RM ANOVA indicated a consistent main effect of platform
amplitude on transmissibility across vibration frequency and knee angle (non-significant
three-way interaction; p > 0.05). The mean transmissibilities to the hip, back, and head
at the two different platform amplitude settings remained similar across frequency and
knee flexion angle (Figure 10). At lower frequencies (20 - 25 Hz) there was
approximately a 10.0 % difference at the back and 20.0 % at the hip in the mean
transmissibilities. The high vibration amplitude had lower mean transmissibility values
at these frequencies. As the input frequency increased above 25 Hz the difference in
mean transmissibility between the two amplitude conditions was less than 5.0 % for all
measurement locations.

Frequency (Hz)
Figure 10: Transmissibility to the hip (A), back (B), and head (C) at 20 degrees of knee flexion is displayed across
platform frequency. Each input frequency was tested at two different vibration amplitudes (1mm and 2mm) to
investigate the effect of platform amplitude on transmissibility. Changes in vibration amplitude had no significant
effect on transmissibility at all frequencies and knee flexion angles tested.
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2 .3 .2 E ffect o f P latform F req u en cy an d K nee A ngle on T r a n sm issib ility

The transmissibility measures varied depending on vibration frequency and knee
angle (significant two-way interaction p < 0.05) (Figure 11). The hip and head resonated
at 20 Hz during 0 degrees of knee flexion. A knee flexion angle of 20 degrees reduced
the mean transmissibility to the hip approximately 65.0 % and 40 degrees of knee
flexion reduced transmissibility approximately 90.0 % to the head at this vibration
frequency (Table 3). The head also resonated at 25 Hz; a knee angle of 40 degrees
reduced the acceleration by approximately 70.0%. Transmissibility to the back had a
peak transmissibility of approximately 50.0 % at 20 Hz; transmissibility to the back
decreased below this peak transmissibility value with increases in frequency and knee
angle. Increasing knee angle from 0 to 20 degrees of knee flexion resulted in a 16.0 %
increase in transmissibility to the back. The magnitude of this increase in
transmissibility decreased as the platform frequency increased. The variability in
transmissibility at the back was relatively constant across frequencies and knee angles.
The hip and head transmissibilities between 20 - 30 Hz at 0 and 20 degrees of knee
flexion were extremely variable; this variability reduced as the input frequency
increased. Up to 60.0 % greater acceleration values were transmitted to the hip
compared to the back between 20 - 30 Hz of platform vibration. Up to 80.0 % greater
acceleration values were transmitted to the head compared to the back in the same
frequency range. Above 30 Hz of platform vibration, all transmissibility values to the
skeleton were below 50.0 % of the acceleration values recorded to the surface of the
platform regardless of knee angle. In the 30 - 50 Hz frequency range the peak
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BACK

HEAD

Transmissibility

HIP

Frequency (Hz)
Figure 11: Transmissibility (+/- SD) of platform vibration in the 20-50 Hz bandwidth taken from the hip
(Left), back (Middle), and head (Right). Measurements were made at different knee angles of 0 degrees
(Top), 20 degrees (middle) and 40 degrees (bottom). Transmissibility measures were greatest at lower
frequency values with smaller degrees of knee flexion. Resonance of the hip was found at 20 Hz and at
the head during 20 and 25 Hz platform vibration during 0 degrees of knee flexion (C). Transmissibility to
the back never exceeded 50% of the acceleration generated at the platform surface. A transmissibility of
1.0 indicates that the r.m.s acceleration measured at the hip, back and head matches the r.m.s acceleration
of the platform surface.
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transmissibility to the hip was 40.0 % at full knee extension, meaning the vibration
generated at the platform had been attenuated by 60.0 %. This attenuation increased as
frequency and knee flexion angle increased.
One-way RM ANOVAs were performed to evaluate the effect of knee angle on
transmissibility to the hip, back and head. We observed significant effects of knee angle
on both hip and head transmissibility (p < 0.05). Tukey’s Multiple Comparison revealed
that the hip transmissibility was significantly different between 0 and 20 degrees of knee
flexion; transmissibility was significantly different at the head between 20 and 40
degrees of knee flexion (Figure 12). Acceleration values at the head were attenuated on
average 34.0 % with 40 degrees of knee flexion compared to only an average of 8.4 %
with 20 degrees of flexion. Knee angle had a consistent effect on transmissibility to

Knee Angle (Degrees)
Figure 12: Transmissibility measured at the hip (A) and head (B) during different degrees of knee flexion at 30 Hz
platform vibration. A significant difference (p <0.05) was found in transmissibility to the hip between 0 and 20
degrees of flexion, and the head at 20 and 40 degrees of flexion. At 40 degrees of knee flexion there was a
significant difference in transmission of acceleration to the head.
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Table 3: Acceleration values of the platform, hip, back and head at 20 and 40 degrees of

knee flexion. Numbers in parenthesis represent the percent reduction in transmissibility
compared to full knee extension. Bold values represent percent reduction from a value
above unity (resonance). This data reflects the low platform vibration condition; there
was no statistical difference of platform amplitude on transmissibility between low and
high conditions.

Frequency
(Hz)

50

19.65

22.20

5.26

5.21

6.42

2.85

(1%)

(2%)

(69%)

(99%)

5.26

9.09

8.62

6.04

2.35

(23%)

(33%)

(+16%)

(+10%)

(23%)

(70%)

8.66

8.66

11.58

10.85

10.43

7.83

(17%)

(17%)

(+1 1% )

(+4%)

(0%)

(25%)

11.95

13.96

13.55

11.94

8.72

(11%)

(11%)

(+4%)

(+1%)

(11%)

(35%)

15.70

15.04

17.35

16.68

16.03

12.89

(5%)

(9%)

(+5%)

(+1%)

(3%)

(22%)

18.67

18.08

19.45

19.45

18.86

17.29

(5%)

(8%)

1%

1%

(4%)

(12%)

20.87

20.42

22.42

21.54

21.32

19.76

(6%)

(8%)

(+1%)

3%

(4%)

(11%)

2.34

2.39

(56%)

(55%)

6.04

11.95

O

45

16.52

O

40

13.42

40°

20°

0

35

10.43

HEAD
Acceleration
(m/s/s)

©

30

7.84

BACK
Acceleration
(m/s/s)

20°

O

25

5.31

HIP
Acceleration
(m/s/s)
O

20

Platform
Acceleration
(m/s/s)

these measurement areas in the 25 to 45 Hz frequency range. There was no significant
difference in transmissibility to the back across all knee angles tested. We observed that
changes in the peak to peak platform amplitude did not significantly affect
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transmissibility across both changes in platform vibration frequency and knee angle. The
transmissibility measurements varied depending on vibration frequency and knee angle.
The hip resonated at an input frequency of 20 Hz and the head resonated at both 20 and
25 Hz while standing with 0 degrees of knee flexion. As the platform frequency
increased above 25 Hz, acceleration values decreased below 50.0% of those measured at
the platform surface. Transmissibility from the platform to the back remained
approximately at, or below, 50.0% across all frequencies and knee angles tested.
Increases in knee flexion reduced transmissibility values; 20 degrees of knee flexion
significantly reduced transmissibility to the hip, while a larger knee angle (40 degrees)
was needed to significantly reduce transmissibility to the head.
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2.4 Discussion
2 ,4 .1 E ffect o f p o s tu r e on tr a n sm issib ility

The current study measured the transmissibility from a commercially available
WBVT platform to the axial skeleton across varying degrees of knee flexion. While
transmissibility has been measured to the standing human in previous occupational
research, only one study has previously measured transmissibility to the upper body
from WBVT platforms. Abercromby et al [2007] measured head acceleration across
varying degrees of knee flexion at one vibration condition (30 Hz and 4 mm p-p). They
found a linear decrease in RMS head acceleration with increasing knee angles from 10
to 30 degrees. Above 30 degrees of knee flexion they found that the ability of the legs to
reduce head acceleration decreased. The present study found that 40 degrees of knee
flexion effectively reduced head acceleration compared to 20 degrees of knee flexion.
Values at the head were attenuated on average 34.0 % with 40 degrees of knee flexion
compared to only an average of 8.4 % with 20 degrees of flexion. In order to effectively
reduce platform vibration from reaching the head during WBVT, knee angles greater
than 20 degrees of knee flexion are needed. Standing at full knee extension (0 degrees of
flexion) resulted in the highest transmissibility values to the hip and head during WBVT
in our study. In an over extended position the quadriceps cannot attenuate energy that is
generated at the platform, standing with small knee angles should be avoided when
using WBVT platforms [Abercromby et al., 2007; Rubin et al., 2003; Lafortune et al.,
1996; Rubin et al., 2003; Paddan and Griffin, 1993; Voloshin and Wosk, 1982], This
study has added clarity to the vague recommendations from the other studies; we
recommend that individuals use knee flexion angles of 40 degrees while standing on
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WBV platforms. This will reduce vibration energy from being transmitted to the hip,
spine, and head.
Previous research investigating shock absorption of the body has found natural
reductions in transmissibility to the head during locomotion. The lower extremity
dampens mechanical energy via changes in knee flexion which changes the alignment of
the long bones of the lower limb. Research by Winter has shown that during the stance
phase of jogging, the greatest amount of energy absorption occurs at the knee [Winter,
1983]. Greater energy absorption at the knee joint is associated with increased running
velocity [Winter, 1987]. Increases in knee angle during WBVT allows the quadriceps to
act as the major shock absorbers as they naturally do during locomotion [Lafortune et
al., 1996; Voloshin and Wosk, 1980; Derrick et al„ 1998; Winter, 1983]. Derrick et al.
[1998] investigated shock absorption of the lower limb during different velocities of
running and found the distance between the line of action of the force vector and the
joint centre of rotation can be altered to change the amount of shock attenuation
performed by the joints during running. If the line of action passes through the knee
joint then it cannot rotate the segment about the joint and the muscles that cross this
joint will be unable to absorb energy. If the line of action passes behind the knee joint
during impact, the knee flexes. To counteract this moment, the quadriceps must contract
to produce an extensor moment. Previous research has also suggested modulation of
lower extremity musculature activation changes the stiffness and damping properties of
the muscle [Wakeling et al., 2002; Lafortune et al., 1996]. This process known as
“muscle tuning”, changes the energy dissipated and absorbed via the changes in cyclic
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attachment and detachment of the cross bridges within the musculature [Wakeling et al.,
2002],
Current ISO standards [ISO 2631/1, 1997] that set guidelines for occupational
vibration exposure do not carry a recommendation for the amount of knee flexion
required to limit transmissibility during standing WBV. Previous occupational vibration
research has previously been limited to advising “bent knees” to decrease
transmissibility during standing WBV [Griffin, 1990], Abercromby et al. [Abercromby
et al., 2007] calculated that 10 minutes of vibration exposure from both rotational and
vertical WBVT platforms exceeded the ISO health guidelines upper limit for the
estimated vibration dose value. However they conclude that WBVT health risk cannot
be accurately calculated using ISO health standards, because of the intermittent nature
of WBVT. Guidelines should be developed for the use of WBVT platforms based on
research which investigates both anabolic training responses and potential injury to the
human body from exposure to frequencies and acceleration magnitudes offered by these
platforms. This study investigated which knee angles reduce transmissibility to the
upper body during WBVT. The recommendation of using increased knee angles to limit
transmissibility during standing vibration may also be applied to individuals who work
in environments where prolonged vibration exposure through the feet causes injury and
discomfort. This would depend on the frequency content of the vibration and the
duration that the worker is exposed to the vibration.

2.4.2 Effect of frequency on transmissibility
The vibration frequencies produced by WBVT platforms (20-50 Hz) are usually
greater than those frequencies associated with whole body resonance. The normalized
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apparent mass of standing subjects with full knee extension has a principal resonance
around 5 Hz and another broad resonance peak between 9 - 14 Hz [Matsumoto and
Griffin, 1998], Garg and Ross [1975] found resonance of the whole body at 6 Hz (which
they attributed to the mass of the torso and stiffness of the spine) and another at 20 Hz
(which was the result of the mass of the torso and stiffness of the legs). At lower
frequency inputs during our study (20 and 25 Hz), both the hip and the head appear to
move in unison with the platform. Approximately 20 degrees of knee flexion appears to
reduce the stiffness of the body and cause a reduction in movement of the upper body.
This small change in knee angle decreases transmissibility to the lower upper body. At
low frequency (20 - 25 Hz) inputs however, the head appears to act as a separate mass
from the torso. Our results of head resonance at frequencies above those associated with
whole body resonance are not surprising as the natural frequency of an object is
dependent on its mass, dampening and elasticity. The torso is more massive and would
be expected to resonate at a lower frequency range compared to the head which would
have a higher natural frequency due to its smaller mass.
The resonance measured at the hip at 20 Hz in our study is similar to data
reported by previous investigators looking at transmissibility during WBVT [Rubin et
al., 2003; Kiiski et al., 2008], At frequencies above 20 Hz, the transmissibility to this
area decreased by at least 50

%.This data is particularly important when considering

exposing individuals with decreased bone mass to WBVT. The application of ground
based vibration as a training tool began with potential that low magnitude inputs
delivered through the plantar surface of the standing human could improve the strength
of the skeleton [Rubin et al., 2003; Rubin et al., 2002]. The femoral neck is one of the
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areas primarily afflicted by loses in bone mineral density during osteoporosis, and also
one of the areas commonly fractured in elderly persons [Kanis et al., 2002]. Low
magnitude (< 0.5 G r.m.s) high frequency (15-35 Hz) inputs are potentially anabolic
and physiologic in nature to the skeleton as shown previously in a study using an animal
model [Rubin et al., 2002]. High magnitude inputs in the same bandwidth may put
users at higher biomechanical risk for fracture to this weakened area. Conversely,
vibration exposure to the lumbar spine may not be as sensitive to the input frequency
during WBVT. In a standing posture with full knee extension, the lumbar spine has
been found to resonate in the vertical direction around 6-10 Hz and then drop below
unity as the input frequency increased [Matsumoto and Griffin, 1998; Kiiski et al.,
2008], Rubin et al [2003] tested in a bandwidth of 15-35 Hz and found that
transmissibility to the L4 vertebrae peaked at 15 Hz with 80 % of the acceleration
generated at the platform reaching the spine. Above 15 Hz they found that
transmissibility decreased with frequency to approximately 60 % of the acceleration
generated at the platform surface. The present study supports that transmissibility to the
lumbar region is not amplified by frequencies in the 20 - 50 Hz bandwidth;
transmissibility to the back consistently remained at, or below 50 % of the acceleration
values measured from the platform for all knee angles.
Vertical head transmissibility displays multiple peaks above unity between 0.25
- 25 Hz [Paddan and Griffin, 1993; Harazin and Grzesik, 1998] . In our study triaxial
head acceleration exceeded 100 % of platform acceleration during both 20 and 25 Hz
when the knees were held at full extension. At 20 degrees of knee flexion the resonance
at 20 and 25 Hz was attenuated but was still approximately 95 % of the acceleration

39

measured at the platform surface. Previous literature has reported that the eyeball
resonates around 20 Hz, and disruptions to visual perception have been reported
between 20 - 25 Hz [Dupuis and Hartung, 1980 as cited by; Abercromby et al., 2007],
A recent case report has indicated that individuals with intra ocular prosthesis’ have had
spontaneous dislocation after WBVT [Vela et al., 2010], This indicates that energy
reaching the head during WBVT can have detrimental impacts to vision. The general
recommendation for “increased knee bend” may not be specific enough to effectively
protect people from high magnitude vertical vibration. WBVT at frequency settings less
than 30 Hz should be avoided to ensure excessive levels of vibration do not reach the
head. WBVT at frequencies above 30 Hz should be performed at knee flexion angles
greater than 20 degrees to reduce head acceleration values.

2.4.3 Effect of peak to peak platform displacement on transmissibility
Our study measured transmissibility at each input frequency with two different
platform displacement amplitudes. This change in platform amplitude resulted in
increased acceleration magnitudes at each frequency tested. Our results found that
changes in platform amplitude had no significant effect on transmissibility measures.
This trend agrees with Rubin et al [2003] who measured transmissibility with two
different driving amplitudes of 36 and 18 N p-p and found no change in transmissibility
to the hip and L4 vertebrae. The exception with their data came at frequencies where
resonance occurred at the hip; lower driving amplitude resulted in slightly lower
transmissibility at the hip. Our study found slightly lower transmissibility with a greater
platform amplitude at 20 Hz with 20 degrees of knee flexion. Previous occupational
research has found similar results measuring whole body resonance; increasing the
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acceleration magnitude results in a lowering of the peak frequency (6.75 Hz to 5.25 Hz)
of the vertical transmissibility at the lumbar spine during standing vibration [Matsumoto
and Griffin, 1998], These reductions in the peak frequencies associated with resonance
are generally small thus; manipulating the platform frequency is a more effective way of
controlling how the acceleration signal is delivered to biological tissues. Current
research is turning towards finding a frequency range that is anabolic to muscle and
bone. Rubin et al [2003] safely introduced low magnitude (< 1 G p-p) high frequency
vibration (1 5 -3 5 Hz) into the axial skeleton of standing subjects. In animals this low
magnitude vibration causes microstrain that is anabolic to the bone [Rubin et al., 2003;
Rubin et al., 2002]. Conversely, a recent study found that 30 Hz vibration in the 8.0 to
14.0 G range caused no change in BMD measures over an 8 week training intervention
[Torvinen et al., 2003]. If low magnitude (< 1G) vibration is safe and potentially
anabolic to the human musculoskeletal system, then there needs to be serious
consideration whether supra G acceleration introduced from high magnitude WBVT
platforms are excessive. They may in fact be hazardous to the fragile musculoskeletal
system at low frequencies associated with whole body and segment resonances.
2.4.4 Vibration Attenuation at the Knee during WBVT
The knee has several structures that help attenuate the shock wave impulse
created during walking and running via both contractile (muscle) and passive tissues
(articular cartilage and subchondral bone).Pin mounted accelerometers in a single
subject found that peak impact shocks at the shank were in the range of -2 to -8 G,
similar to values recorded with skin mounted accelerometers [Light et al., 1980]. During
running peak axial deceleration of the shank typically ranges between -5 to -15 G
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[Shorten and Winslow, 1992]. The greatest attenuation of shock to the head during
running occurs in the 15-50 Hz range [Shorten and Winslow, 1992]. These naturally
occurring transients are similar in frequency and magnitude to the continuous vibration
that can be generated by WBVT platforms. The vibratory input from WBVT may pose a
unique challenge to the musculoskeletal system’s tissues that attenuate and absorb
energy. Dynamic mechanisms (changes in muscle tension, joint compliance etc.) that are
used during running and walking to attenuate naturally occurring vibration are reduced
during static postures used during WBVT. This may lead to an over reliance on the
meniscus, articular cartilage, and subchondral bone during static WBVT [Simon et al.,
1972; Chu and Yazdani-Ardakani, 1986; Light et al., 1980] Damage to these tissues
results in higher impulsive accelerations and forces being applied to the joint and a
reduction in the capacity of the articular cartilage and cancellous bone to attenuate these
forces [Chu and Yazdani-Ardakani, 1986]. Not only does this result in increased peak
forces at the knee but it also exposes other joints proximally and distally from the knee
to higher impulsive forces [Voloshin et al., 1981; Chu and Yazdani-Ardakani, 1986;
Wosk and Voloshin, 1981]. Voloshin and Wosk [1982] found that the capacity of the
body to attenuate impulses during walking is reduced approximately 30 % by the
presence of degenerative joint disease in the knee or spine. Thus individuals who
already have degenerative changes at the knee may be placing the hip and back at risk
for degeneration. Voloshin and Wosk [1982] suggested that discogenic back pain may
have mechanical causes in individuals with joint degeneration in the lower limb who are
unable to attenuate the impact transients experienced during running and walking.
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Future research should focus on evaluating whether dynamic joint movements result in
decreased transmissibility compared to static postures during WBVT.
An unanticipated finding of this study was that the platform ramped through a
frequency sweep as the platform both started and turned off (i.e. if the platform was set
to 50 Hz, it would sweep through 0-50 Hz in approximately 1.0 second at the start and
end of the vibration exposure). This frequency sweep forced resonance of each local
segment where acceleration was measured (Figure 13). The authors of this paper
advocate that if these platforms are to be used, the platform should be turned on and
allowed to start vibrating before the user steps on. Similar precaution should be taken as
the platform finishes vibrating; platform users should step off before the platform stops
vibrating. It is speculated that supra G WBVT inputs could potentially be hazardous to
the passive joint tissues (articular cartilage and cancellous bone) with repeated exposure
in a static posture. Repo and Finlay [Repo and Finlay, 1977] suggested that a threshold
of impulse intensity may exist where damage to the articular cartilage is irreparable and
progressive. Excessive transient forces at the joint may also play a role in mechanical
loosening of prosthetic components. This may call for a change in how the platforms are
designed and used in the future.
2.4.5 Limitations
Pin mounted accelerometers anchored directly into the bone are considered the
gold standard for transmissibility measurement as they reduce artifact created by skin
mounted attachments; however, this method is impractical for collecting data from large
numbers of subjects. Soft tissue between the accelerometer and bone can reduce the
frequency response of the compliant attachment site causing a distorted waveform and
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Figure 13: Recorded acceleration values during initialization of the platform at the hip (A), back (B), and head (C).
Each body part is forced through resonance in approximately 0.5 seconds during this frequency sweep that occurs at
the beginning and end of the platform being activated.
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increase the between subject variance [Ziegert and Lewis, 1979; Ziegert and Lewis,
1978; Lafortune et al., 1995; Kim W., 1993], Damping created by the soft tissue on the
accelerometer will affect its performance in measuring the acceleration magnitudes
correctly. We have attempted to limit signal distortion by using low mass (4 g)
accelerometers and loading the accelerometer by taping the accelerometer firmly to the
bony prominence. If the natural frequency of the accelerometer attachment is very close
to or below the frequencies of interest, then the measurement will be distorted [Saha and
Lakes, 1977; Ziegert and Lewis, 1979; Kitazaki and Griffin, 1995], Measuring
transmissibility from areas with little musculature has been found to improve accuracy
representing the acceleration of the skeleton [Bediz et al., 2010]. Due to the large
surface area of the anatomy at the hip and spine chosen to measure transmissibility it
was difficult on some subjects to get the same loading force on the accelerometer with
the tape. Some researchers have used transfer functions in order to correct for skin
motion artifact in high frequency vibration testing [Kitazaki and Griffin, 1995]. This
transfer function was not used in this study as the sinusoidal fidelity of our input signal
was not constant across all frequencies making application of transfer functions in the
frequency domain difficult. The artifact added to our accelerometer data from the
nonlinear system of the human body also makes the application of a correction factor
difficult (Figure 14). This high frequency artifact introduced to the signal by the body
has previously been mistaken for high frequency inputs introduced by increases in
acceleration magnitude [Kiiski et al., 2008]. Our accelerometer data appears to
approximate the underlying bone acceleration as our hip and L5 data are similar to that
of Rubin et al. [2003] who used pin mounted accelerometers to measure transmissibility.

45

The L5 transmissibility values across changes in frequency displayed a similar trend but
all of our values were lower than the pin mounted measurements. We believe that our
values are lower due to the skin and other soft tissues between the bone and
accelerometer dampening the transmitted vibration.

Figure 14: Time domain record of the acceleration waveform at the platform surface and each output location on the
body. The sinusoidal fidelity of the original acceleration signal at the platform has been reduced due to the
nonlinearity of the human body. High frequency components have been added to the original 30 Hz sine wave created
by the platform.

Previous transmissibility research has utilized different methods for measuring
head acceleration including accelerometers mounted on bite bars, helmets or straps
[Wang et al., 2006; Abercromby et al., 2007], The bite bar has shown large amounts of
variability, and some inflation due to the acceleration values from pitch motions of the
head during vibration [Wang et al., 2006]. Changes in muscular tension around the jaw
and neck to securely hold the bite bar during the vibration trials may alter the
transmissibility of the accelerations between the shoulder and head. This will not reflect
normal conditions under which individuals would experience WBVT. In our study, head
accelerations were measured with an accelerometer taped to an adjustable strap from a
safety helmet liner, this method has been shown to have lower intra-subject variability
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over the bite bar method [Wang et al., 2006], It is likely that the large amounts of
variability illustrated in head transmissibility at low frequency inputs is due to
intersubject variability which has been found in previous vibration research [Paddan and
Griffin, 1993; Harazin and Grzesik, 1998],
Vibration quantified in terms of acceleration does not necessarily mirror the
physical strain on the body; it merely reflects the vibration level on the contact surface
between the body and the vibration source [Mansfield, 2005], Mechanical impedance
measures the relationship between the input force at a given frequency to the resultant
movement of the body. Impedance measurements allow for the amount of energy
absorbed by the system to be determined which may be a better representation of the
physical strain on the body. This study did not measure the input force transmitted to
subjects; accordingly we cannot evaluate relations of force and acceleration.
Variability between studies that have measured transmissibility can have
multiple causes that stem from methodological design. Caution should be taken when
comparing different studies dealing with transmissibility as differences in
accelerometers and attachment type, subject populations and the vibration stimulus will
vary among studies. Commercial platforms offer different types of platform movement
(reciprocal vs. vertical translation) and frequency settings which may not be consistent
across models and manufacturers. Measurement of platform vibration during our study
indicated that there was greater variability in the acceleration magnitudes at higher
vibration frequencies. Laboratory based studies investigating standing transmissibility
use electrcohydraulic vibrators that allow the investigator to control and better account
for consistency with the input signal between trials. This study did not investigate intra
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subject variability to determine any differences within a subject across testing days.
Previous research has found that intra subject variability is lower than inter subject
variability during standing vibration transmissibility measurement [Paddan and Griffin,
1993]. Testing frequencies related to the whole body resonance of standing subjects
(approximately 5 Hz), have found variations in standing transmissibility between
subjects can be as large as 20:1 [Paddan and Griffin, 1993], Our data shows a similar
high degree of variability at low frequencies (20- 25 Hz) where resonance occurs at the
hip and head. There has been no solid evidence to support subject characteristics and
differences in anthropometries (height, mass, age) changing the biomechanical response
of the body to vibration [Mansfield, 2005], Vertical head transmissibility of standing
subjects has previously been found to be influenced more by subject height than by
weight, however these differences were not as important to transmissibility
measurements as changes in posture [Paddan and Griffin, 1993], Previous studies
investigating seated vibration have found that transmissibility is more dependent on
subject posture than on individual height, weight and age [Messenger and Griffin, 1989
as cited by ; Paddan and Griffin, 1993], Unwanted changes in posture can also affect
transmissibility measures between studies and within a single study. Translational
motion of the platform may trigger the postural control system causing shifts in the
amount of force on the feet. This might alter muscle activation and lead to changes in
the attenuation of the ground based signal by the lower body. We have attempted to
limit the effect of postural changes by providing both the subject and investigator with
visual feedback to track any potential deviations in posture of the upper body. Foot
position was marked on the platform for every subject to maintain consistency across
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trials, and we enforced that subjects should try to maintain an equal weight distribution
between both feet. While this strategy may reduce intrasubject variability, intersubject
variability can be affected by naturally occurring differences in posture. Increased
lordosis, for example, will result in changes in tilt of the pelvis which may cause
differences in signal transmission between the knees to the back. Our study did not
screen individuals for these variations in natural posture.
2.4.6 Future Research
Future research investigating WBV as a training modality should investigate
specifying platform parameters (translation direction, type of input signal, input
frequency and amplitude etc.) for different training outcomes. Vibration in the Anterior
posterior and Medio-lateral translational axes may have better training outcomes versus
vertical vibration. Translational acceleration in the longitudinal and lateral direction
causes small changes in displacement to the subject’s centre of mass while standing on
the platform resulting in a response from the postural control system. This would
challenge balance in a functional manner and avoid exposing the body to high
magnitudes of vertical vibration. WBVT has also been limited to “sinusoidal” inputs
during training studies. While this type of signal is convenient for transmissibility
experiments, perhaps input signals of another variety may be more anabolic to tissues of
the musculoskeletal system. Square waves which contain both low and high frequencies,
much like the impact transients associated with walking and running, could be more
beneficial for improving the strength of bone. If vertical vibration is to be introduced
into the standing human then the training benefits and stimulus used should be carefully

49

considered as vibration is a potent stimulus for both biomechanical and physiological
effects.
The amount of energy absorbed by the body during WBVT could be measured
by calculating absorbed power from impedance measurements. Absorbed power
evaluates the amount of energy exchanged or absorbed between the vibration surface
and the body [Griffin, 1990]. This method may be a better measure of the physical strain
on biological tissues during WBVT at different vibration frequencies and magnitudes.
To our knowledge absorbed power has not been measured during standing vibration.
Lundstrom et al. [1998] speculated that mechanical vibration can affect the body both
via absorbed and non absorbed power, and depending on how energy is dissipated will
determine injury and perception of the vibration stimulus. Non absorbed power can
affect receptors (mechanoreceptors, proprioceptors, nociceptors), as well as create
mechanical strain on tissues (blood vessels, muscles, bone) resulting in biochemical
responses at various pathways associated with maintain these tissues. Absorbed power
may lead to musculoskeletal injury via the cyclic dampened tension and extension of
tissues. This could be a potential explanation for the various physiological and
biomechanical training effects reported with WBVT.
This study was performed with young healthy recreationally active male
subjects, and this data may not be representative of transmissibility in an elderly
population. As mentioned previously, the potential use of WBVT as a prophylactic
treatment for the development of osteoporosis is currently being assessed. These studies
have used low magnitude ground based acceleration signals with success in animal
models [Rubin et al., 2002], while the use of high magnitude signals has shown less
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promise with humans [Torvinen et al., 2003]. The high vibration magnitudes used by the
platform in this study as well those offered in other commercially available platforms
may put an elderly population at risk for fracture. Degeneration of articular cartilage and
cancellous bone in the joints of the lower limb causes alterations in the capacity of these
tissues to attenuate shock and vibration [Chu and Yazdani-Ardakani, 1986; Voloshin
and Wosk, 1982]. These degenerative changes in the joints and the passive tissues
ultimately results in decreases to the attenuative capacity of the body to vibration. If
vibration training is to be utilized as an exercise modality for elderly populations than
this age group should be directly measured for differences in their capacity to transmit
ground based vibration during WBVT. Input frequencies below 30 Hz should be
avoided in this population to avoid amplification of mechanical energy that may cause
injury. High magnitude WBVT may exceed the normal tolerances of these tissues,
placing an older population at risk to fragility fractures of the hip and lumbar spine.
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2.5 Conclusion
In conclusion, this study found that increases in knee angle can effectively
attenuate the transmission of acceleration during WBVT. To avoid unwanted
mechanical energy from reaching the head larger knee angles (> 20 degrees) are needed.
Small changes in knee flexion (20 degrees) can effectively reduce the transmission of
acceleration to the hip. While frequencies offered by WBVT platforms are outside those
that cause whole body resonance, high frequency vibration (20 - 25 Hz) can cause local
resonances at the hip and head with the knees in an extended position. To avoid
potential injury from amplified mechanical energy at these frequencies, input
frequencies below 30 Hz should not be used. If these frequencies cannot be avoided for
training purposes, it is advised that individuals use larger knee angles (> 20 degrees) to
make WBVT safer. In agreement with previous WBVT research, input frequencies
between 20 and 50 Hz did not result in resonance at the lumbar spine [Rubin et al.,
2003; Kiiski et al., 2008],
This research is important to illustrate the risks of subjecting the body to high
magnitude vibration. The unanticipated finding of forced resonance of the body through
a platform frequency sweep is a previously unreported discovery in WBVT research.
International standards [ISO 2631/1, 1997] that set guidelines for occupational vibration
exposure do not carry a recommendation for the amount of knee flexion required to limit
transmissibility during standing WBV. This research could be applied in occupational
environments where workers are exposed to ground based vibration to develop
guidelines for the use and improvement of WBVT platforms. There has been limited
research on transmissibility and safety involved with WBVT platform use. The strength
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of this experiment is its evaluation of transmissibility across multiple frequencies,
acceleration amplitudes and knee angles. WBVT is a potential anabolic stimulus to the
musculoskeletal system; more research needs to focus on the potential risks and benefits
of different vibration stimuli.
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APPENDICES

Appendix A: Ethics
Appendix A displays the ethics approval provided by the University of Western
Ontario and the Letter of Information and Consent Form provided to the study
participants.
Appendix Al: Ethics Approval Notice
Office of Research Ethics
The Un varsity of Western Ontario

Room 41 oO Support Servio*» Buiidiria Loueur. OH, Canada N8A 5C1
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Review Date: October 13. 2010
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Ethics A p p ro v a l Date: Novem ber 23 2010
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Appendix A2: Letter of Information and Participant Consent

CONSENT TO PARTICIPATE IN RESEARCH
Study Title: Transmission of Acceleration from Whole Body Vibration Exercise
Platforms
You are being invited to participate in a research study conducted by Rob Caryn
(B.A), Ryan Frayne (MSc) and James P. Dickey (PhD) from the Joint Biomechanics
Laboratory in the School of Kinesiology at the University of Western Ontario.
If you have any questions or concerns about the research, please feel free to contact Rob
at (519) 868-0805, Ryan at (519) 661-2111 x88542, Dr Jim Dickey at (519)6612111x87834.
PURPOSE OF THE STUDY
This research experiment will attempt to a) measure the transmissibility of the
standing human across the 20-50Hz bandwidth in 5Hz increments b) determine the
effect of vibration magnitude and lower body posture on standing transmissibility c)
determine transmissibility differences during static and dynamic squat exercises d)
determine the effect of varying bone mineral densities on transmissibility of the standing
human.
Whole body vibration is applied through a vertically vibrating platform and may
have beneficial outcomes on the musculoskeletal system such as increased strength,
flexibility, improved balance and bone mineral density. We will evaluate the
transmission of the vibration to the hip, spine and head to gain insight into the safety
aspects for vibrating exercise platforms. The aim of these studies will be to determine
the response of the standing human to floor based vibration and how to safely apply it as
a training modality across various populations.
Subjects cannot suffer from any of the following conditions: diabetes, epilepsy, gall
stones, kidney stones, acute inflammations, joint problems, cardiovascular diseases,
joint implants, recent thrombosis, and back problems such as hernia, tumors, recent
operative wounds, or intense migraines. These are contraindications to use of the WBV
platform released by the platform manufacturer.
PROCEDURES
If you volunteer to participate in this study, we will ask you to do the following things:
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1. Report to the Biomechanics Teaching Lab (Room 2151 Thames Hall) to undergo
a familiarization session where you will read the letter of Information and sign
the consent form if appropriate. You will receive a copy of the consent form
after it has been signed. You do not waive any legal rights by signing the consent
form. You will be acclimatized to the WBV stimulus and the application of the
accelerometers, and goniometer. You will be shown how to properly execute the
static and dynamic squats on the vibration platform. The familiarization session
will last no longer than 30 minutes.
2. Return to the lab for the testing session where accelerometers will be attached to
your body at the hip (greater trochanter), low back (spinous process of L5) and
forehead. A goniometer will be attached across your knee to monitor joint angles
during the vibration trials. The accelerometers/goniometer will be attached to the
body using a spray on adhesive and double-sided adhesive tape.
3. You will be instructed to perform both static and dynamic squats across various
knee angles on the vibration platform which will be randomized across trials.
You will be given 3 minute rest periods between each exercise trial to minimize
fatigue. To complete the exercises at these vibration settings the protocol will not
exceed the 2 hours allotted for testing. After each vibration exposure you will be
asked to rank the vibration exposure verbally on a scale of 0-9 (0 representing no
discomfort and 9 representing max discomfort).
4.

The WBV stimulus to be used will be 7 discrete frequencies (20-50Hz in 5Hz
increments) at vibration amplitudes of 2 and 4 mm respectively. Frequency and
amplitude settings will be randomized. Upper body postures will be monitored
via video camera and monitor to provide feedback to the subject and
investigator.

5. You will be asked to complete data collection in two sessions separated by at
least 24 hours to minimize vibration exposure duration and accurately reflect a
normal exercise session. Each testing session will last no longer than two hours
which includes time for attachment of the accelerometers/goniometer and all
vibration trials.
All sessions will be conducted in the Biomechanics Teaching Lab (Rm 2151Thames
Hall)_on the first floor of Thames Hall by Rob who is an experienced Kinesiologist, and
CPR and First Aid certified.
POTENTIAL RISKS AND DISCOMFORTS
There is a small risk that subjects may be sensitive to the adhesive used to attach
the accelerometers and goniometer. This risk will be reduced by removing the pieces as
soon as the experiment is over. If any subjects appear to be having a reaction to the
adhesive then the experiment will be terminated; the equipment will be removed in the
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skin will be cleaned with alcohol.
POTENTIAL BENEFITS TO SUBJECTS AND/OR TO SOCIETY
Individuals will help assess the safety and possible applications of WBV training to
populations (elderly populations) who may benefit from this modality in the future.

PAYMENT FOR PARTICIPATION
Subjects who participate in this study will be reimbursed $20.00 for parking.
Subjects will be paid $10.00 after completing each session. If the subjects do not
complete the session, then they will be paid the appropriate fraction reflecting their
participation. For example, if they complete half of one session, then they will be paid
$5.00.

CONFIDENTIALITY
Any information that is obtained in connection with this study that can identify you
will remain confidential and will be disclosed only with your permission. This
information will be collected on a master list that will be kept in a password-protected
file with access to only the investigators in this study. All data will be collapsed before
results are printed (only group averages and variability). All participants will be
assigned an arbitrary number to ensure anonymity. Mean data will be stored in a
password protected file for comparison with future studies. Raw data will not be
released to any other parties.

PARTICIPATION AND WITHDRAWAL
You can choose whether to be in this study or not. If you are a student and you
volunteer to be in this study, you may withdraw at any time without any effect on your
status at UWO. If you are not a student at UWO, you may withdraw from the study at
any time with no effect. You may also refuse to answer any questions you feel are
inappropriate and still remain in the study. The investigator may withdraw you from
this research if circumstances arise which warrant doing so.
FEEDBACK OF THE RESULTS OF THIS STUDY TO THE SUBJECTS
We plan to publish this study in a reputable academic journal upon the completion of
the research. The information published in a journal or subsequent studies will not
identify you in any way. Copies of such articles will be available upon request.
SUBSEQUENT USE OF DATA

62

These data may be used in subsequent studies but the data will have no personal
identifiers.
You will receive a copy of the consent form after it has been signed.
You do not waive any legal rights by signing the consent form.
RE-RECRUITMENT IN FUTURE STUDIES
If you wish to participate in future studies please leave your contact information (full
name and phone number on a separate piece of paper) with one of the studies
investigators and they will contact you with information and the option to participate if
you so choose.
This letter is for you to keep. If you have any questions about this research project, feel
free to call for clarification (contact information below). Further, if you have any
questions about the conduct of this study or your rights as a research subject you may
contact the Office of Research Ethics at The University of Western Ontario at 519-661
3036 or at ethics@uwo.ca.

Sincerely,

Dr. James P. Dickey / Rob Caryn / Ryan Frayne
Investigators
RM 2141 Thames Hall, Joint Biomechanics Laboratory
The School of Kinesiology
University of Western Ontario.
^idiekey^trwrrch, real-vn @uwo.ca,~ffr-a-vn&@wvoTea
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Consent Statement
Principal Investigator: James P. Dickey Ph.D., Rob Caryn (B.A.), Ryan Frayne (MSc)
I have read the accompanying “Letter of Information” and have had the nature of the
study and the procedures to be used explained to me. All of my questions have been
answered to my satisfaction.
By signing below, I agree to participate in this study.

Name (please print): ___________________________

Signature of Participant:

___________________

Date:_______________

Name of Person Obtaining Informed Consent (please print):

Signature of Person Obtaining Informed Consent:
Date:
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Appendix B: LabVIEW Code
Appendix B provides the custom written LabVIEW code written by the author.
Programs provided were used in data collection and post data processing during the
running of the study.

Appendix Bl: Data Acquisition and Postural Feedback LabVIEW Program (Front
Panel)

G o n a o m e t e r A c c e i F IN A L .v i
G : \ G o r r i o m e t e r A c c d F IN A L .v i
L a s t m o d i f i e d o n 3 / 2 8 / 2 0 1 1 a t 2 : 2 1 PM
P r i n t e d o n 3 / 2 8 / 2 0 1 1 a t 2 : 1 9 PM
C o n n e c to r P a n e
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Appendix B2: Data Acquisition and Postural Feedback LabVIEW Program
(Block Diagram)

Goniom eter Acce) F IN A L , vi
G:\G bniom eterA ccei F IN A L .vi
Last modified on 3/28/2011 at 2:2 1 PM
Printed on 3/28/2011 at 2:19 PM
Block Diagram
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Appendix B3: Data Processing LabVIEW program (Front Panel)
Rob's D ata Processinq for Tria x ia l R M S .vi
6:\R o b 's D ata Processing for Triaxia l R M S .vi
Last modified on 11/7/2010 at 5 :5 0 PM
Printed on 3/28/2011 at 2 :2 2 PM

R o b 's D a ta P ro c e s s in g f o r T r ia x ia l R M S .vi
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Rob's D ata Processing for Tria x ia l RM S.vi
G :\R ob’s Data Processing fo r Triax ia l RM S.vi
Last m odified on 11/7/2010 a t 5:S 0 PM
Printed on 3/28/2011 at 2 :2 2 PM
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Appendix B3: Data Processing LabVIEW program (Block Diagram)

Rob's D ata Processinq for Triax ia l RM S.vi
G :\ R o b s D ata Processing for Triaxial RM S.vi
Last modified on 11/7/2010 at 5:5 0 PM
Printed on 3/28/2011 at 2:2 2 PM
j-

-

.

-

T r i a x i a l R M S ..
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Appendix C: Results of Statistical Analysis
G e n e ra l L in e a r M o d e l: T H R E E W A Y A N O V A T ra n s R a tio v e rs u s F re q , M a g ,
K nee Adj
Fa c t o r
Fre q
Mag
Knee Adj

Levels
7
2
3

Type
fixed
fixed
fixed

Values
20, 25, 30,
0, 1
0, 20, 40

35,

40,

45,

50

A n a l y s i s of V a r i a n c e for Trans R a t i o , u s i n g A d j u s t e d SS for Tests
Source
Fre q
Mag
Knee Adj
Freq*Mag
F r e q * K n e e Adj
M a g * K n e e Adj
F r e q * M a g * K n e e Adj
Error
Tot a l

S = 0.949712

DF
6
1
2
6
12
2
12
2982
3023

S e q SS
73.2087
1.1508
74.2613
2.8522
21.4434
3 .0829
1.9605
2 6 8 9 .6228
2867.5826

R - S q = 6.21%

Adj SS
76.7929
1 .0285
72.9559
2.9930
21.7196
3.0659
1.9605
2689.6228

R-Sq( a d j )

Adj MS
12.7988
1.0285
36.4 7 7 9
0.4988
1.8100
1.5329
0.1634
0.9020

F
14.19
1.14
40.44
0.55
2.01
1.70
0.18

P
0.000
0.286
0.000
0.768
0.020
0.183
0.999

= 4.92%

G e n e ra l L in e a r M o d e l: T W O W A Y A N O V A T ra n s R a tio v e rs u s F re q , K n e e
Adj
Factor
Freq
K n e e Adj

Type
fixed
fixed

Levels Values
7 20, 25, 30,
3 0, 20, 40

A n a l y s i s of V a r i a n c e for Tra n s Ratio,
Source
F req
K nee Adj
F r e q * K n e e Adj
Error
Total

DF
6
2
12
3003
3023

S = 0.947 9 4 7

R - S q = 5.90%

Seq SS
73 .2087
74 .4013
21 .4645
2698..5082
2867 .5826

35,

40,

45,

50

u s i n g A d j u s t e d SS for Te s t s

Adj SS
77 .3679
72 .9745
21 .4645
2698 .5082

Adj MS
12 ,.8947
36 . 4872
1..7887
0..8986

F
14 .35
40 .60
1..99

p
0 . 000
0 .000
0 .021

R-■ S q ( a d j ) = 5.27%

O N E W A Y A N O V A s a n d T U K E Y ’S M U L T IP L E C O M P A R IS O N T ra n s R a tio
v e rs u s K n e e A dj

Table Analyzed
Repeated Measures ANOVA
P value
0.0003
P value summary
***

20 Hz Foot to Hip
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Are means signif. different? (P < 0.05)
Number of groups 3
F
11.75
R square
0.5165
Was the pairing significantly effective?
R square
0.3541
F
2.268
P value
0.0491
P value summary
*
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 5.619 35

SS
1.875
1.990
1.755

Yes

Yes
df
2
11
22

MS
0.9373
0.1809
0.07975

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.4033 4.947 Yes
**
0.1134 to 0.6931
0 vs 40
0.5368 6.585 Yes
*** 0.2470 to 0.8266
20 vs 40
0.1336 1.639 No
ns
-0.1562 to 0.4234

Table Analyzed
Repeated Measures ANOVA
P value
0.0016
P value summary
**
Are means signif. different? (P < 0.05)
Number of groups 3
F
8.749
R square
0.4430
Was the pairing significantly effective?
R square
0.2311
F
1.079
P value
0.4198
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)

25 Hz Foot to Hip

Yes

No

SS
df
0.6619 2
0.4490 11
0.8323 22

MS
0.3310
0.04082
0.03783
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Total 1.943 35
Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
*
0.2296 4.089 Yes
0.02998 to 0.4292
0 vs 20
**
0.3227 5.747 Yes
0.1231 to 0.5223
0 vs 40
ns
-0.1065 to 0.2927
20 vs 40
0.09308
1.658 No

Table Analyzed
Repeated Measures ANOVA
P value
0.0025
P value summary
**
Are means signif. different? (P < 0.05)
Number of groups 3
F
7.967
R square
0.4200
Was the pairing significantly effective?
R square
0.2527
F
1.166
P value
0.3631
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.7150 35

30 Hz Foot to Hip

Yes

No

SS
df
0.2244 2
0.1807 11
0.3099 22

MS
0.1122
0.01642
0.01409

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.1637 4.777 Yes
**
0.04187 to0.2855
0 vs 40
0.1711 4.993 Yes
**
0.04928 to0.2929
20 vs 40
0.0074170.2165No
ns
-0.1144 to 0.1292

Table Analyzed
Repeated Measures ANOVA
P value
0.0062
P value summary
**

35 Hz Foot to Hip
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Are means signif. different? (P < 0.05)
Number of groups 3
F
6.450
R square
0.3696

Yes

Was the pairing significantly effective?
R square
0.3691
F
1.856
P value
0.1045
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.4139 35

SS
0.0965
0.1528
0.1646

Tukey's Multiple Comparison Test Mean
Summary
95% Cl of diff
0 vs 20
0.1101 4.409 Yes
0 vs 40
0.1096 4.389 Yes
20 vs 40
-0.00050.02002NO ns

*
*

Table Analyzed
Repeated Measures ANOVA
P value
0.0109
P value summary
*
Are means signif. different? (P < 0.05)
Number of groups 3
F
5.591
R square
0.3370
Was the pairing significantly effective?
R square
0.3617
F
1.709
P value
0.1371
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)

No
df
12
22

MS
0.04825
0.01389
0.007482

q

Significant? P < 0.05?

11

Diff.

0.02132 to 0.1989
0.02082 to 0.1984
-0.08927 to 0.08827

40 Hz Foot to Hip

Yes

No

SS
0.04494
0.07556

df
2
11

MS
0.02247
0.006869

74

Residual (random)
Total 0.2089 35

0.08843

Tukey's Multiple Comparison Test Mean
Summary
95% Cl of diff
0 vs 20
0.04733
2.586 No
0 vs 40
0.08642
4.722 Yes
20 vs 40
0.03908
2.136 No

Table Analyzed
Repeated Measures ANOVA
P value
0.0041
P value summary
**
Are means signif. different? (P < 0.05)
Number of groups 3
F
7.112
R square
0.3927
Was the pairing significantly effective?
R square
0.3438
F
1.725
P value
0.1331
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.1369 35

Diff.
ns
**
ns

q

Significant? P < 0.05?

-0.01773 to 0.1124
0.02135 to 0.1515
-0.02598 to 0.1041

Yes

No

Tukey's Multiple Comparison Test Mean Diff.
Summary
95% Cl of diff
0 vs 20
0.04975
3.460 No
ns
**
0 vs 40
0.07542
5.245 Yes
20 vs 40
0.02567
1.785 No
ns

Repeated Measures ANOVA
P value
0.0005
P value summary
***

0.004019

45 Hz Foot to Hip

SS
0.03529
0.04707
0.05457

Table Analyzed

22

df
2
11
22

MS
0.01764
0.004279
0.002481

q

Significant? P < 0.05?

-0.001362 to 0.1009
0.02430 to 0.1265
-0.02545 to 0.07678

50 Hz Foot to Hip
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Are means signif. different? (P < 0.05)
Number of groups 3
F
11.11
R square
0.5024
Was the pairing significantly effective?
R square
0.4107
F
2.801
P value
0.0191
P value summary
*
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.1322 35

Yes

Yes

SS
0.03915
0.05429
0.03877

df
2
11
22

MS
0.01957
0.004936
0.001762

Tukey's Multiple Comparison Test Mean Diff.
Significant? P < 0.05?
q
Summary
95% Cl of diff
*
0 vs 20
0.054084.463 Yes
0.01100 to 0.09717
0 vs 40
0.0790 6.519 Yes
0.03592 to 0.1221
20 vs 40
0.024922.056 No
ns
-0.01817 to 0.06800

***

Table Analyzed
Repeated Measures ANOVA
P value
< 0.0001
P value summary
***
Are means signif. different? (P < 0.05)
Number of groups 3
F
25.56
R square
0.6992
Was the pairing significantly effective?
R square
0.2951
F
2.784
P value
0.0197
P value summary
*
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 13.15 35

SS
6.482
3.882
2.789

20 Hz Foot to Head

Yes

Yes
df
2
11
22

MS
3.241
0.3529
0.1268

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
***
0 vs 20
0.7143 6.949 Yes
0.3488 to 1.080
***
0 vs 40
1.011 9.837 Yes
0.6457 to 1.376
20 vs 40
0.2968 2.888 No
ns
-0.06858 to 0.6622

Table Analyzed
Repeated Measures ANOVA
P value
< 0.0001
P value summary
***
Are means signif. different? (P < 0.05)
Number of groups 3
F
15.76
R square
0.5889
Was the pairing significantly effective?
R square
0.3389
F
2.494
P value
0.0328
P value summary
*
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 7.725 35

SS
3.008
2.618
2.099

25 Hz Foot to Head

Yes

Yes
df
2
11
22

MS
1.504
0.2380
0.09543

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.2293 2.572 No
ns
-0.08769 to 0.5464
***
0 vs 40
0.6948 7.791 Yes
0.3777 to 1.012
**
20 vs 40
0.4654 5.219 Yes
0.1484 to 0.7824

Table Analyzed
Repeated Measures ANOVA
P value
0.0026
P value summary
**
Are means signif. different? (P < 0.05)
Number of groups 3

30 Hz Foot to Head

Yes
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F
7.912
R square
0.4184
Was the pairing significantly effective?
R square
0.3109
F
1.551
P value
0.1832
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 2.695 35

No

SS
df
0.7770 2
0.8378 11
1.080 22

MS
0.3885
0.07616
0.04910

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.004250.06644No
ns
-0.2232 to 0.2317
0 vs 40
0.3138 4.905 Yes
**
0.08635 to0.5412
20 vs 40
0.3095 4.838 Yes
**
0.08210 to0.5369

Table Analyzed
Repeated Measures ANOVA
P value
< 0.0001
P value summary
***
Are means signif. different? (P < 0.05)
Number of groups 3
F
17.19
R square
0.6099
Was the pairing significantly effective?
R square
0.3914
F
3.296
P value
0.0083
P value summary
**
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 2.089 35

35 Hz Foot to Head

Yes

Yes

SS
df
0.7752 2
0.8174 11
0.4959 22

MS
0.3876
0.07431
0.02254
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Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.1133 2.615 No
ns
-0.04075 to 0.2674
0 vs 40
0.3521 8.123 Yes
***
0.1980 to 0.5062
20 vs 40
0.2388 5.508 Yes
**
0.08467 to 0.3928

Table Analyzed
Repeated Measures ANOVA
P value
<0.0001
P value summary
***
Are means signif. different? (P < 0.05)
Number of groups 3
F
24.56
R square
0.6907
Was the pairing significantly effective?
R square
0.3278
F
3.153
P value
0.0105
P value summary
*
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.6753 35

SS
0.3135
0.2214
0.1404

40 Hz Foot to Head

Yes

Yes
df
2
11
22

MS
0.1567
0.02013
0.006382
.

Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.027671.200 No
ns
-0.05432 to 0.1097
***
0 vs 40
0.2103 9.120 Yes
0.1283 to 0.2923
***
20 vs 40
0.1827 7.921 Yes
0.1007 to 0.2647

Table Analyzed
Repeated Measures ANOVA
P value
0.0002
P value summary
***
Are means signif. different? (P < 0.05)

45 Hz Foot to Head

Yes
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Number of groups 3
F
12.82
R square
0.5383
Was the pairing significantly effective?
R square
0.4312
F
3.283
P value
0.0085
P value summary
**
Is there significant matching? (P < 0.05)

Yes

ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)
Total 0.3183 35

SS
0.09745
0.1372
0.08360

df
2
11
22

MS
0.04873
0.01248
0.003800

Tukey's Multiple Comparison Test
Summary
95% Cl of diff
0 vs 20
0.036172.032 No
0 vs 40
0.1239 6.963 Yes
20 vs 40
0.087754.931 Yes

Mean Diff.

q

Significant? P < 0.05?

ns
***
**

Table Analyzed
Repeated Measures ANOVA
P value
0.0093
P value summary
**
Are means signif. different? (P < 0.05)
Number of groups 3
F
5.829
R square
0.3464
Was the pairing significantly effective?
R square
0.3086
F
1.365
P value
0.2564
P value summary
ns
Is there significant matching? (P < 0.05)
ANOVA Table
Treatment (between columns)
Individual (between rows)
Residual (random)

-0.02710 to 0.09943
0.06065 to 0.1872
0.02449 to 0.1510

50 Hz Foot to Head

Yes

No

SS
0.07176
0.09245
0.1354

df
2
11
22

MS
0.03588
0.008405
0.006156
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Total 0.2996 35
Tukey's Multiple Comparison Test Mean Diff.
q
Significant? P < 0.05?
Summary
95% Cl of diff
0 vs 20
0.032081.417 No
ns
-0.04843 to 0.1126
**
0 vs 40
0.1066 4.706 Yes
0.02607 to 0.1871
20 vs 40
0.0745 3.289 No
ns
-0.006017 to 0.1550

